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摘  要 
自 1990s以来，白光发光二极管(white light emitting diode, WLED)的快速发展





本文选择复合氟化物 K2MF6 (M = Si, Ge)作为荧光粉基质材料，一是因为氟化
物素有声子能量低、发光效率高等优点；二是因为 Mn4+ 在该基质所提供的六配位
环境中具有独特光学性能。将激活剂选定为 Mn4+ 主要是因为 Mn4+ 具有宽带激发
和窄带发射的光谱特性，可获得高纯度窄带红光。本研究采用共沉淀法成功制备
了包括 K2SiF6: Mn4+ 和名义组成为 K2Si1-xGexF6: Mn4+ (x = 0, 0.25, 0.50)在内的
WLED用 Mn4+ 掺杂氟化物红色荧光粉。其中，K2Si1-xGexF6: Mn4+荧光粉尚未见报
道。首先，通过改变反应物(HF、SiO2或 KMnO4)的浓度或用量，研究其对产物
K2SiF6: Mn4+ 的物相、形貌、成分及发光性能的影响，并以此为据优化合成条件。
其次，研究了基质 Si、Ge含量变化对名义组成 K2Si1-xGexF6: Mn4+ (x = 0, 0.25, 0.50)
荧光粉的物相、成分及发光性能的影响，并给出了可能的解释。最后，成功将
K2SiF6: Mn4+ 荧光粉应用于WLED，并对其发展前景作了展望。主要结论如下： 
一、采用共沉淀法成功制备了 K2SiF6: Mn4+ 红色荧光粉。结果表明：该荧光
粉的颗粒尺寸均匀，晶棱面清晰，结晶度良好，是单一的纯相；其激发光谱呈双
峰状，激发峰 350 nm和 455 nm分别对应 Mn4+ 的 4A2→4T1和 4A2 → 4T2能级跃迁，
而发射光谱是 600~650 nm的多峰窄带红光，对应 Mn4+ 的 2Eg→4A2能级跃迁，主
发射峰位于 630 nm处；其色坐标为(0.697, 0.303)，较商用 CaAlSiN3: Eu2+ 红粉可
获得更广的色域。在配方优化研究中发现，分别增加 KMnO4、SiO2的用量均可使
K2SiF6: Mn4+ 荧光粉的发光强度先增后减，KMnO4过多或 SiO2过少都会使产物析
出 MnF2杂相，其中较优的 KMnO4、SiO2用量分别为 6.00 g和 1.50 g；HF浓度越
高越有利于获得高发光强度的产物。制备 K2SiF6: Mn4+ 荧光粉的较优配方是：1.50 

















二、采用共沉淀法成功制备了名义组成为 K2Si1-xGexF6: Mn4+ (x = 0, 0.25, 0.50) 
的红色荧光粉。结果表明：Ge4+ 可部分固溶于 K2SiF6；该荧光粉的激发、发射光
谱与 K2SiF6: Mn4+ 红色荧光粉类似，主发射峰位于 634 nm 处，色坐标为(0.693, 
0.303)。随 Ge4+ 含量的增加该荧光粉的颗粒尺寸逐渐增大，发光强度逐渐增强，
且在名义组成为 K2Si0.50Ge0.50F6: Mn4+ 的荧光粉中观察到了通常只出现于低对称晶
体场的零声子线，可能的原因是 Ge4+ 的存在既促进了 Mn4+ 的掺入，也降低了
Mn4+ 所处晶体场的对称性。 
三、成功将 K2SiF6: Mn4+ 荧光粉分别与商用黄、绿粉混用制得 WLED-YR、
WLED-GR 系列 WLED，实现了该红粉在 WLED 中的应用。研究表明，随红粉
配比的增加，所制 WLED 的红光成分逐渐增强，显色性能也得到了显著改善。
其中，黄、红粉配比为 2: 8的 WLED-YR5样品表现出了极好的综合性能，其色
坐标(0.3380, 0.3114)与理想白光接近，相关色温为 5,182 K，显色指数 Ra 高达























Since 1990s, white light emitting diode (WLED) has experienced rapid growth 
because of the invention of high-brightness GaN-based blue chip. Currently, WLED has 
become the most promising next generation lighting technology due to its advantages 
such as high efficiency, energy-saving, environmental friendliness, durability, etc. It has 
been recognized as the fourth generation lighting source following the incandescent 
lamp, fluorescent lamp and high intensity discharge lamp. However, the current WLED 
exhibits not only low color rendering index but also low luminous efficiency due to the 
lacking of red component and the wavelength of red light is too long for human eyes. 
Therefore, it is urgent to find a red phosphor with narrowband emitting to make up the 
deficiencies of WLED. 
In this paper, we chose composed fluoride K2MF6 (M = Si, Ge) as host material 
because of the low phonon energy and high luminous efficiency of fluoride, besides, 
Mn4+ shows special spectral characteristics with broadband excitation and narrowband 
emission, which can cause a high purity red emitting with narrowband, in the six-
coordinated environment provided by this matrix. In this study, we have prepared Mn4+-
doped fluoride red phosphors for WLED via coprecipitation method, including K2SiF6: 
Mn4+ and K2Si1-xGexF6: Mn4+ (x = 0, 0.25, 0.50). Firstly, the influence on the phase, 
composition, morphology and luminescent properties of K2SiF6: Mn4+ were investigated 
by altering the concentration or amount of reactants (HF, SiO2 and KMnO4), and the 
synthesis conditions were optimized as well. Secondly, the influence on the phase, 
composition and luminescent properties of K2Si1-xGexF6: Mn4+ (x = 0, 0.25, 0.50) were 
investigated by changing the content of Si, Ge, and a possible explanation was given as 
well. Finally, K2SiF6: Mn4+ phosphor was applied to WLED devices, and the future 
development of this red phosphor was discussed. The main conclusions are as follows:  
1. K2SiF6: Mn4+ red phosphor was prepared via coprecipitation method. The results 
show that this phosphor owns a uniform particle size, clear crystal edges and surfaces, 
good crystallinity degree and pure single phase. This phosphor has two intense 
excitation bands peaking at 350 and 455 nm due to the 4A2→ 4T1 and 4A2→ 4T2 
transitions of Mn4+, respectively. Several narrow red emissions distribute in the range of 
600~650 nm with the strongest peak at 630 nm are ascribed to the 2Eg→4A2 transsitions 

















color gamut than the commercial CaAlSiN3: Eu2+ phosphor. In the ingredient 
optimization studies, the results show that with the increase of KMnO4 and SiO2, the 
luminescence intensity of K2SiF6: Mn4+ increase at first and then decrease. The optimum 
content of KMnO4 and SiO2 is 4.80 g and 1.50 g, respectively. Over-using KMnO4 or 
insufficient SiO2 will precipitate MnF2 phase. In addition, higher HF concentration is 
beneficial to obtain a product with higher luminous intensity. The relative optimum 
ingredient is 1.50 g SiO2 + 100 ml HF + 4.80 g KMnO4 + 0.20 g KF + 20 ml H2O2. 
2. K2Si1-xGexF6: Mn4+ (x = 0, 0.25, 0.50) red phosphor were prepared successfully 
via coprecipitation method. The results show that Ge4+ could be partially incorporated 
into K2SiF6. The excitation and emission spectra of those phosphors are similar to those 
of K2SiF6: Mn4+, and the main emission peak locates at 634 nm. Besides, the 
chromaticity coordinates of those phosphors were x = 0.693, y = 0.303. The 
luminescence intensity of K2Si1-xGexF6: Mn4+ (x = 0, 0.25, 0.50) could be enhanced with 
the increase of Ge4+ contents. Zero-phonon line, which can usually be detected in low 
symmetry crystal field, is observed in the nominal composition K2Si0.50Ge0.50F6: Mn4+ 
phosphor. The possible explanation of those phenomena is that the presence of Ge4+ not 
only promotes the doping of Mn4+, but also changes the ambient symmetry of Mn4+ 
crystal field. 
3. WLEDs identified as WLED-YRs and WLED-GRs, which implemented the 
application of K2SiF6: Mn4+ red phosphor, were fabricated by mixing as prepared K2SiF6: 
Mn4+ phosphor with commercial yellow and green phosphor, respectively. The results 
show that with the increase of red phosphor ratio, the red ingredients  increase gradually 
in the WLEDs, meanwhile the color rendering performance is improved significantly. 
Among them, the WLED-YR5 sample owing a ratio of yellow and red phosphor with    
2: 8, exhibits excellent overall performance. Its chromaticity coordinates are x = 0.3380, 
y = 0.3114, near to the ideal white light. And its correlated color temperature is 5,182 K, 
with color rendering index Ra being up to 90.7. As for the WLED-GR4 sample, which 
has a ratio of 4: 6 of green and red phosphor, its chromaticity coordinates are x = 0.3340, 
y = 0.3560, very close to the ideal white light as well. 
Finally, the futher development and possible application of the Mn4+-doped fluoride 
red phosphors is prospected, based on two major problems --- how to reduce or avoid the 
use of HF and improve the stability of this  kind of phosphors. 
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第一章  绪 论 
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1.1  发光材料 












表 1.1 不同激发方式对应的发光类型[2] 













































图 1.1 发光元素周期表[1] 































的激活离子有：Ce3+、Eu2+、Eu3+ 和Mn4+ 等。 









































A的电子受激后直接跃迁至激发态 G(过程 1 和 3)。如图 1.2(a)所示，若受激电子以
光辐射的形式从激发态 G 直接跃迁回基态 A 的过程(过程 2)，称为自发发光。如图
1.2(b)所示，若受激电子无法从激发态 G 直接跃迁回基态 A(禁戒跃迁)，而是先弛豫





图 1.2 发光中心吸收引起的激发和发光过程[3] 
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